Allozyme analysis on 20 putative enzyme-coding loci and RAPD analysis on 154 markers, ampli®ed by eight decamer random primers, were used to assess the genetic variation of striped red mullet, Mullus surmuletus L., collected from six locations in the Mediterranean Sea. Both methods were able to detect a high degree of genetic polymorphism. For both methods, estimates of variance of allele frequencies (F ST ), and v 2 analyses, revealed signi®cant dierences (P < 0.05) among samples. Nei's genetic distance (D) among samples was low (mean D 0.011 for allozymes; mean D 0.018 for RAPDs) with data from both approaches revealing the sample from France to be most distinct from the Greek samples. Nevertheless, although most of the genetic variation in allozymes was not correlated with geographical distance, a correlation between genetic anities and geographical area was found with RAPDs. It seems therefore that the RAPD method showed a more pronounced eect of isolation-by-distance in comparison with allozymes, probably because of the dierent number of markers of the red mullet genome examined with each method. Overall, the RAPD technique can be introduced as a complementary tool in the population genetics of marine ®shes, providing supplementary information in their genetic stock structure analysis.
Introduction
Striped red mullet (Mullus surmuletus L.) ranks among the most commercially important demersal ®sh, with a total catch of 3320 t in 1994, representing about 2% of the total Greek marine catch (Stergiou et al., 1997) . Because of its economic importance, considerable research has been devoted to the study of its biology and ®sheries in Greek waters with regard to reproduction, ethology and growth (for a review see Stergiou et al., 1997) . However, knowledge of its genetic population structure is lacking, although this could provide important information for eective ®shery management (Carvalho & Hauser, 1994) . The few studies of allozyme variation of striped red mullet have focused mainly on ®nding allozymic diagnostic loci between M. barbatus and M. surmuletus and they have been limited to relatively small sample sizes (Cammarata et al., 1991; Mamuris et al., 1998a) .
The relative usefulness of dierent methods in the assessment of intraspeci®c genetic variation depends largely upon the species and geographical scale to which they are applied, as well as the questions asked (Ward & Grewe, 1994) . Since the 1970s, starch gel protein electrophoresis has been the most common method employed to assay genetic variation within and among populations of many marine teleosts, providing extremely useful information for management and conservation problems (Utter, 1991; Carvalho & Hauser, 1994; Ward & Grewe, 1994) . However, the relative lack of physical barriers in marine systems results in little intraspeci®c genetic divergence (Avise, 1989; Ward et al., 1994) . On the other hand, there is increasing evidence that the random ampli®ed polymorphic DNA (RAPD) method (Welsh & McClelland, 1990; Williams et al., 1990) can detect nuclear DNA variation in ®shes, between subspecies, or populations of the same species (Bardakci & Skibinski, 1994; Naish et al., 1995; Bielawski & Pumo, 1997; Mamuris et al., 1998b) .
We report here an estimate of the degree of genetic dierentiation among samples of M. surmuletus taken from ®ve locations of the eastern Mediterranean and one from the western Mediterranean (France) as revealed using allozymes and RAPD markers. Furthermore, we compare the results obtained from the application of these two approaches to the same samples.
Materials and methods

Samples
A total of 342 striped red mullet specimens were collected using commercial trawlers at ®ve locations in Greek waters, three from the Aegean Sea (Trikeri1, n 40; Trikeri2, n 41; Kavala, n 43; Rhodes, n 44) and two from the Ionian Sea (Preveza1, n 45; Preveza2, n 40; Corfu, n 49) and one in French waters (Gulf of Lion, n 40) (Fig. 1) . To examine the extent of temporal variation in allele frequencies between samples, specimens from Trikeri and Preveza were taken at two dierent times of the year (Fig. 1) . Samples of white muscle, liver and eye were removed from individuals and stored at A40°C until further treatment.
Allozyme analysis
Analysis was carried out employing standard horizontal starch-gel electrophoresis. Sixteen enzymic systems coding for a total of 20 putative loci (ADH*, mAAT-1*, sAAT-1*, sAAT-2*, CK-1*, CK-2*, EST-1*, aGPD*, IDH*, LDH-A*, LDH-B*, MDH*, PGM*, PGDH*, PGI-1*, PGI-2*, PGI-3*, SOD*, XDH* and XO*) were analysed. Details of the enzymes surveyed, the electrophoretic conditions, the stains used and the statistical analysis are given in Mamuris et al. (1998a) .
Allele frequencies were calculated for each locus in each population. Genetic variability was estimated using a set of parameters including the mean number of alleles per locus, the percentage of polymorphic loci and the observed and the expected heterozygosity based on Hardy±Weinberg assumptions. Polymorphic loci were tested for conformity to Hardy±Weinberg expectations using v 2 -tests and by testing the signi®cance of Wright's ®xation index, F IS .
The number of migrants per deme per generation (N e m) was calculated from F ST according to the formula: N e m [(1/F ST ) A 1]/4 (see Waples, 1987) . A dendrogram to illustrate the genetic divergence among the examined populations was constructed from genetic distances using the unweighted pair-group method with arithmetic means (UPGMA UPGMA; Sneath & Sokal, 1973) . All calculations were performed using BIOSYS BIOSYS Release 1.7 (Swoord & Selander, 1989) .
RAPD analysis
Forty decamer primers were used during this study, all purchased from Operon Technologies, Alameda, CA, USA, referred to as A and F kits, containing 20 random primers each. To assess genetic markers capable of distinguishing between populations, six individuals from each of the eight populations were screened with all the 40 random primers and ampli®cation products were separated on agarose gels. In addition, to determine genetic anities between populations, 25 individuals from each sample were screened with eight primers (OPA 02, OPA 05, OPA 11, OPA 16, OPF 05, OPF 06, OPF 12, OPF 17) chosen arbitrarily and the ampli®ca-tion products were separated on nondenaturing polyacrylamide gels. Experimental conditions for the RAPD analysis are documented in Mamuris et al. (1998b) .
To calculate F ST values and genetic distances between populations, the method proposed by Lynch & Milligan (1994) was applied. Dierences in marker frequencies between samples were assessed using v 2 contingency (McElroy et al., 1991) . Genetic distances, calculated for data from all eight primers, were used to estimate genetic anities between populations using the unweighted pair-group method of analysis (UPGMA UPGMA) and con®dence statements on branches were estimated (Sneath & Sokal, 1973) . Dendrograms were constructed using the PHYLIP PHYLIP 3.5 computer package (Felsenstein, 1993) .
Results
Allozyme analysis
All enzyme loci produced well-resolved staining patterns consistent with known enzyme subunit structure for all individuals of M. surmuletus. Of the 20 loci assayed, 11 loci were monomorphic (mAAT-1*, CK-1*, CK-2*, LDH-A*, LDH-B*, MDH*, PGI-1*, PGI-2*, PGI-3*, PGM* and SOD*) and the remaining nine loci were polymorphic in at least one population (Table 1) .
The mean number of alleles per locus was 1.9, and the percentage of polymorphic loci was 40% under the 0.99 criterion. The values of observed heterozygosity (H o ) ranged from 0.167 to 0.228 (mean H o 0.194) and of the expected heterozygosity (H e ) from 0.199 to 0.231 (mean H e 0.213) ( Table 1) . Two out of 64 tests (3.125%) of genotypic ®t with Hardy±Weinberg predictions showed signi®cant departures from Hardy±Weinberg proportions after Bonferroni corrections. These two deviations were cause by heterozygote de®ciencies and occurred at the IDH* locus in the Rhodes and Preveza1 populations.
The v 2 contingency analyses, after Bonferroni corrections, indicated that allele frequencies diered signi®-cantly (P < 0.05) among the eight samples for seven out of the nine polymorphic loci (sAAT-1*, EST*, IDH*, PGDH*, aGPD*, XDH* and XO*) and also when all loci were considered together ( Table 2 ). The most striking allelic dierences occurred between the French and the Greek populations, in particular at the sAAT1*, PGDH* and XO* loci (Table 1) . Omitting the French population reduced the number of polymorphic loci by one. However, the same tests were again signi®cant for the remaining Greek samples. Chi-squared comparisons among populations within basins revealed signi®cant (P < 0.05) genetic heterogeneity among the three Ionian Sea populations for two loci (IDH* and aGPD*) and when all loci were considered together. Populations from the Aegean Sea diered signi®cantly (P < 0.05) at the AAT-1*, IDH*, PGDH* and XDH* loci and also when all loci were considered together. Chi-squared comparisons among populations taken from the same locality (Trikeri and Preveza) at dierent times revealed signi®cant dierences at the aGPD* locus for Trikeri1 and Trikeri2 and at two loci (IDH* and XO*) for Preveza1 and Preveza2. Although signi®cant dierences in allele frequencies were observed among populations from the dierent basins, Wright's F-statistics showed that most of this variation was among populations, regardless of their geographical distance (variance component 0.105, F 0.025) and among populations within basins (Aegean Sea, Ionian Sea and Gulf of Lion) (variance component 0.08, F 0.019), with little dierentiation among basins (variance component 0.025, F 0.006).
The results of the v 2 analyses were consistent with the F ST values. Thus, the mean F ST value for all samples was signi®cant (F ST 0.035, v 2 -test P < 0.05) ( Table 2 ). Genetic population subdivision was less evident, but still signi®cant, among the four populations from the Aegean Sea (F ST 0.026, v 2 -test, P < 0.05) and among the three populations from the Ionian Sea (F ST 0.015, v 2 -test, P < 0.05). Nei's (1972) genetic distances (D) between populations were extremely low for any pairwise comparison and ranged from 0.002 to 0.031 with a mean of 0.011 (Table 3) . The French population was the most genetically distinct (mean D 0.018) and this was clearly illustrated in the dendrogram derived from UPGMA UPGMA cluster analysis (Fig. 2) . However, cluster analysis within Greece failed to associate the geographically related samples.
RAPD analysis
All primers but three (OPA 09, OPF 03 and OPF 19) yielded satisfactory ampli®cation products with all specimens tested. Each primer produced a unique band pattern of ampli®ed DNA. Nevertheless, all primers failed to yield any diagnostic marker that could lead to unambiguous identi®cation of the various M. surmuletus geographical populations.
The number of individuals analysed per population and per primer on polyacrylamide gels varied between 20 (Trikeri2) and 24 (Trikeri1), because any inadequate DNA pattern generated, because of unsatisfactory ampli®cation, was excluded from the analysis ( Table 4) . The number of reproducible and well-resolved bands analysed per primer in all populations ranged from 14 to 22 (Table 4) . Of the 154 bands analysed for all the eight random primers, 73 (47.4%) were polymorphic, and the rest were monomorphic, constantly present in all individuals. The v 2 contingency analyses of RAPD marker frequencies showed signi®cant heterogeneity for 39 of 73 markers (53.4%), using the single-test signi®cance level of 0.05. However, after Bonferroni corrections, only 18 markers (24.6%) showed signi®cant heterogeneity (P < 0.05). This percentage was reduced to 14.1% (10/71) after the exclusion of the French sample, to 5.7% (4/70) among samples from the Aegean Sea and to 4.8% (3/70) among samples from the Ionian Sea. No signi®cant dierences were found between Trikeri1 and Trikeri2 and between Preveza1 and Preveza2. Furthermore, the frequencies of 10 markers were found to follow a geographical trend in dierent populations. Overall analysis of marker frequencies, using v 2 -tests with a Monte Carlo simulation, showed signi®cant geographical heterogeneity between the eight samples (P < 0.001) as well as between basins: Ionian ± Aegean (P < 0.01), Ionian ± Gulf of Lion (P < 0.001) and Aegean ± Gulf of Lion (P < 0.001).
The estimated values of heterozygosity were slightly higher for all comparisons between populations (mean H ij 0.259) than for those observed within samples (mean H i 0.245). Estimates of F ST using the expected heterozygosity values for the eight populations, suggested the presence of subdivision among populations (F ST 0.053). This subdivision was more pronounced in Aegean (F ST 0.033) than in Ionian Sea (F ST 0.015) populations.
Values of pairwise comparisons of Nei's (1972) genetic distance (D) between populations, computed from combined data for the eight primers, ranged from D 0.007 to D 0.037 (Table 3 ). The French sample was the most genetically distinct (mean D 0.034) and the Aegean Sea samples seem to diverge from the Ionian Sea samples (mean D 0.016 for all pairwise comparisons between the two groups of populations). Genetic dierences between populations exhibited a consistent geographical pattern clearly illustrated in the UPGMA UPGMA dendrogram derived from cluster analysis (Fig. 3) .
Discussion
In the present study, two molecular methods (allozyme and RAPD) were used to determine genetic variation in striped red mullet populations. Because of the dominance property of RAPDs, gene frequency estimates calculated from RAPD data are less accurate than those obtained from codominant markers, such as allozymes. Therefore, two to 10 times more individuals should be sampled per locus and more loci should be scored per individual, in comparison with allozyme analysis (Lynch & Milligan, 1994) . Here, although a smaller number of individuals per locus was screened compared with allozymes (about 25 vs. 40 individuals per population), about eight times more loci (154 vs. 20 loci per individual) were sampled to estimate genetic anities between populations.
Allozyme analysis revealed nine polymorphic loci (45%). Alternatively, the RAPD method uncovered 73 reliable polymorphisms (47.4%) for the eight random primers selected for population analysis. According to allozymes, genotypic proportions diered signi®cantly from Hardy±Weinberg expectations at two out of 64 tests, less than the 5% of cases which would be expected by chance, indicating that breeding within the eight populations sampled was panmictic. However, given the high value of F ST found for the IDH* locus (Table 2) , one cannot exclude the possibility that the Hardy±Weinberg deviation observed for this locus resulted from a Wahlund eect caused by pooling samples that were not part of the same population. Furthermore, the eight populations were characterized by high levels of heterozygosity, because the mean value for the observed heterozygosity was 0.195 (and the average for all marine teleosts has been estimated as 0.064; Ward et al., 1994) . In the absence of recent bottlenecks, organisms such as marine ®shes and striped red mullet in particular, with very large populations, are expected to have larger Hs (Gyllensten, 1985) . The large value of H therefore implies that et al., 1998a) Both methods failed to produce speci®c markers that could discriminate populations, but both were successful in revealing genetic heterogeneity between samples. The v 2 contingency analyses for allozymes revealed signi®-cant dierences in allelic distribution between samples at seven of the nine polymorphic loci (Table 2) . For RAPDs, although only 18 of the 73 markers exhibited statistically signi®cant dierences, overall analysis of Population N n P N n P N n P N n P N n P N n P N n P N n P Nei's (1972) genetic distances computed using RAPD data (mean D 0.018) were in general slightly greater than those calculated using allozyme data (mean D 0.011). The two data sets were signi®cantly correlated (Mantel t-test; r 0.63, P < 0.01) when all populations were considered together, but the statistical test failed to correlate the data sets for the Greek populations when the French population was excluded from the analysis (Mantel t-test; r 0.32, P 0.052). Both methods agreed that the French population was by far the most genetically distinct (Figs 2 and 3) . Nevertheless, genetic heterogeneity between samples within Greek waters was found to be at random in relation to geographical distances between collecting sites when allozymes were used, even for samples collected from the same sites (Mantel t-test; r 0.05, P 0.34) (Fig. 2) . This was further supported by hierarchical analysis, which showed greater dierentiation between populations than between basins. On the other hand, a clear geographical distance pattern for genetic anities between samples appeared when RAPDs were applied (Mantel t-test; r 0.72, P < 0.01) (Fig. 3) .
According to these results, genetic parameters estimated from the two methods were not completely discordant. Probably, the most striking dierence between the two methods was the more pronounced eect of isolationby-distance produced by RAPDs in comparison with allozymes. One possible explanation that could account for this result is that the RAPD method was able to screen a larger part of the nuclear genome than allozymes.
The life cycle of striped red mullet includes a pelagic larval phase followed by a benthic adult phase (Stergiou et al., 1997) , and larval exchange is assumed to be the major mechanism uniting spatially discrete populations. F ST values, if signi®cantly dierent from zero (Ferguson, 1994) , may be used to estimate the eective number of migrants per generation (N e m) between populations. The estimated N e m for the populations sampled was 6.9 according to allozymes and 4.5 according to RAPDs. These values were much smaller than the mean value for marine ®shes (N e m 22.76; Ward et al., 1994) , but they were close to those estimated for other marine species in Mediterranean Sea, such as Engraulis encrasicolus (N e m 8.6; Bembo et al., 1996) , Mullus barbatus (N e m 5.6; Mamuris et al., 1998a) and Mugil cephalus (N e m 7.26; Rossi et al., 1998) . One genetically eective migrant per generation between populations would be sucient to prevent ®xation of an allele. However, signi®cant divergence in allele frequencies between populations can occur with up to 10 migrants per generation (Allendorf & Phelps, 1981) .
These results further support the hypothesis that the oceanographic and bathymetric conditions prevailing in the Aegean and Ionian Seas may reduce gene¯ow between sampling sites. The Ionian Sea is the deepest sea of the Mediterranean Basin, and depths in excess of 3000±4000 m occur (Theodorou, 1990) . Striped red mullet adults are found mainly at depths down to 300 m. Therefore, these bathymetric constraints may limit their large-scale migration between the Aegean and Ionian Seas, given that migration can occur only through two of the three Kitherian Straits: Elafonissos (180 m deep, 11 km wide) and Kithira (160 m deep, 33 km wide). Furthermore, mass transportation of pelagic striped red mullet eggs and larvae between the two seas may also be limited by oceanographic constraints. The circulation of the upper layer water of the Cretan Sea, the Straits of the Western Cretan Arc and the adjacent south-eastern Ionian Sea is determined by the intense anticyclonic gyre south of Greece, the socalled Pelops gyre, and the Mirtoan Western Crete cyclone (Theodorou et al., 1997) . The surface circulation in the Ionian Sea shows a distinct division of thē ow ®eld in the vicinity of 37°30¢N latitude. North of the latter, the¯ow is broadly cyclonic. However, to the south a meso-scale anticyclone occurs, constituting a northernmost extension of the Pelops anticyclone and dominating this part of the study area.
In conclusion, both allozyme and RAPD methods can provide useful genetic information on striped red mullet that could be valuable for stock structure analysis. The advantages and the disadvantages of each technique in the ®eld of population genetics have been extensively documented in several review articles (Hadrys et al., 1992; Carvalho & Hauser, 1994; Ward & Grewe, 1994) . However, the extent of allozyme variation, especially in marine ®shes, may be insucient to conduct a stock structure analysis. In this case the RAPD method, being able to screen more easily a larger part of the nuclear genome than allozymes, may assess higher levels of intraspeci®c variation.
The eective use of allozymes in the assessment of genetic variation depends on their selective neutrality.
